Objective Type 2 diabetic patients have an increased arterial stiffness and a very high risk of cardiovascular death. The present study investigated the relationship between pulse pressure, an indicator of vascular stiffness, and risk of cardiovascular mortality among type 2 diabetic and non-diabetic individuals. Second, we determined the relationship between pulse pressure and its main determinant (i.e. age), and the influence of diabetes and mean arterial pressure on this relationship.
Introduction
Vascular stiffness is associated with cardiovascular disease and mortality [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Vascular stiffness increases myocardial afterload and oxygen demand, leads to left ventricular hypertrophy, and limits coronary filling during diastole [11] . Over 50 years of age, pulse pressure is regarded as a manifestation of arterial stiffness, and several studies have shown a relationship between pulse pressure and cardiovascular mortality [6, [12] [13] [14] [15] [16] .
Type 2 diabetic patients are at very high risk of cardiovascular death [17] [18] [19] [20] [21] [22] and are thought to have an increased arterial stiffness [23] and increased pulse pressure [15, [24] [25] [26] . However, it is not known whether pulse pressure is positively associated with cardiovascular mortality in these patients, nor whether any such relationship is similar in diabetic and non-diabetic individuals. In addition, it is not known whether the increase of pulse pressure in diabetes is related to the accelerated vascular aging that is thought to occur in diabetes [27] , in which case one would expect a stronger association between age and pulse pressure than in non-diabetic individuals.
Therefore, we investigated these issues among type 2 diabetic and non-diabetic individuals in a prospective, population-based cohort study.
Subjects and methods
The Hoorn Study is a population-based cohort study on glucose intolerance in a Dutch population conducted from 1989 until 1992. We invited a random sample of 3553 50-to 74-year-old individuals taken from the population register of the town of Hoorn, The Netherlands; 2484 participated (response rate, 71%). The study cohort and baseline measurement have been described in detail previously [28] . All subjects, except previously diagnosed diabetic individuals treated with oral glucose-lowering agents or insulin, underwent an oral glucose tolerance test according to the guidelines of the World Health Organization [29] . On the basis of this test, glucose tolerance was divided into two categories: normal and impaired glucose tolerance (n ¼ 2260), and type 2 diabetes (n ¼ 208). In 16 subjects, no data on glucose tolerance were available. Blood pressure was measured twice on the right arm of seated subjects, after at least 5 min of rest, with a random-zero sphygmomanometer (Hawksley-Gelman Ltd, Lancing, Sussex, UK). Hypertension was defined as diastolic blood pressure > 95 mmHg, systolic blood pressure > 160 mmHg and/or treatment with antihypertensive drugs, in accordance with clinical practice at the time the baseline data for this study were collected. Mean arterial pressure was defined as twothirds of diastolic blood pressure plus one-third of systolic blood pressure. Pulse pressure was defined as systolic blood pressure minus diastolic blood pressure. The average of duplicate measurements was used for analysis. Body mass index, waist-to-hip ratio, specific fasting insulin, total cholesterol, high-density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL), triglycerides, smoking habits, and prior cardiovascular disease were determined as previously described [28] .
Follow-up
Data on the vital status of the subjects on 1 January 2000 were collected from the mortality register of the municipality of Hoorn as previously described [30] . For all subjects who died, the cause of death was extracted from the medical records of the general practitioner and the hospital of Hoorn, and classified according to the ninth edition of the International Classification of Diseases (ICD-9) [31] . Cardiovascular mortality was defined as codes 390-459, ('Diseases of the circulatory system') or code 798 ('Sudden death, cause unknown'), because sudden death in general is of cardiovascular origin [30] . Seventeen subjects (0.7% of the study cohort) were lost to follow-up. All participants gave informed consent for this study, which was approved by the Ethics Committee of the Vrije Universiteit Medical Centre, Amsterdam.
Statistical analysis
All analyses were performed with SPSS 9.0 for Windows 95 (SPSS Inc., Chicago, Illinois, USA). The associations between pulse pressure and cardiovascular risk factors were investigated by multiple linear regression analyses, with pulse pressure as the dependent variable and risk factors as independent variables. Survival over the follow-up period was calculated by Kaplan-Meier curves for different groups. Differences were tested by the log-rank test for trend. Cox proportional hazards multiple regression analysis was performed to assess the associations of pulse pressure and risk factors with cardiovascular and all-cause mortality. Results are described as relative risks (RR) (hazard ratios) with 95% confidence intervals (95% CI). The analyses were adjusted for all variables that were significantly associated with cardiovascular mortality, that were significantly associated with pulse pressure, or that were of pathophysiological interest. To evaluate possible interaction between pulse pressure and risk factors of interest, their product term, and age, gender and mean arterial pressure were added to the model. Risk factors measured on a continuous scale were used as such in the regression model, except for levels of fasting specific insulin, body mass index, HDL cholesterol, and triglycerides because the association of these variables with mortality was non-linear (see footnote to Table 1 for cut-off points).
Pulse pressure was entered into the regression model as a continuous variable, since the association with all-cause and cardiovascular mortality appeared to be linear. The proportional hazards assumption was checked by use of a hazard function plot. To examine the relationship of pulse, systolic, diastolic and mean arterial pressure with age, multiple linear regression was used with adjustment for gender and the presence of type 2 diabetes. Possible interactions between age and diabetes or age and mean arterial pressure in the associations of age with the measures of blood pressure were assessed with interaction terms in multiple regression. P , 0.05 was considered statistically significant. Table 1 shows the baseline characteristics of the study population and RR (95% CI) of mortality associated with risk factors after adjustment for age and gender (columns on the right). Median duration of follow-up was 8.6 years (range, 0. Mortality and pulse pressure
Results

Clinical characteristics
The mean AE SD pulse pressure at baseline in the subjects who died was higher than in those who survived (60 AE 17 versus 52 AE 15 mmHg, P ¼ 0.003). Figure 1 shows the percentage of subjects with a pulse pressure above 62 mmHg (the upper quartile of the distribution) in type 2 diabetic and non-diabetic individuals. Figure 2 shows cardiovascular survival according to quartiles of pulse pressure. The associations of cardiovascular and all-cause mortality with pulse pressure were somewhat, but not significantly, stronger than those with systolic blood pressure in both diabetic and non-diabetic individuals (data not shown).
The associations between pulse pressure and mortality were not importantly affected by further adjustment for prior cardiovascular disease, current smoking, HDL cholesterol, LDL cholesterol and total cholesterol, triglycerides, waist-to-hip ratio, body mass index, and the use of antihypertensive drugs ( Table 2) .
Exclusion of individuals with prior cardiovascular disease did not materially change the results (data not shown).
We considered that the association between pulse pressure and mortality might be confounded by impaired renal function. Data on serum creatinine and urinary albumin excretion were available in a subgroup [32] , which included all diabetic individuals. Analyses adjusted for Cockroft-Gault-estimated glomerular filtration [33] (n ¼ 631) were similar to those without such adjustment (data not shown). Analyses adjusted for the presence of microalbuminuria and macroalbuminuria among those in whom such data were available (n ¼ 575) did not materially change the association between pulse pressure and cardiovascular mortality (data not shown), but decreased the association of pulse pressure with all-cause mortality among diabetic individuals (RR, 1.00), but the confidence interval was wide (95% CI, 0.79-1.27).
The association between pulse pressure and cardiovascular mortality differed between diabetic and non-diabetic individuals (P ¼ 0.07 for pulse pressureby-diabetes interaction in a model adjusted for age, gender and mean arterial pressure that included the whole population). Table 2 were also performed with the exclusion of hypertensive subjects and users of antihypertensive drugs. The results of these analyses were similar to the results presented here. Analyses stratified for gender showed similar RR for men and women (data not shown). Analyses in individuals with impaired glucose tolerance (n ¼ 252) indicated that RR were similar to those in individuals with normal glucose tolerance (data not shown).
All analyses presented in
Cross-sectional associations of measures of blood pressure with age and diabetes at baseline Pulse pressure among diabetic individuals was 3.2 mmHg (95% CI, 1.6-4.9) higher than among nondiabetic individuals after adjustment for age, gender and mean arterial pressure. Age was associated with pulse pressure both among diabetic and non-diabetic individuals, but the association was stronger among diabetic individuals. Pulse pressure increased by 0.98 mmHg per year of age in diabetic and by 0.71 mmHg per year of age in non-diabetic individuals. This difference was statistically significant as tested by the interaction term of age with the presence of type 2 diabetes (P interaction ¼ 0.03; Fig. 3 ). Exclusion of individuals with impaired glucose tolerance did not change the results.
Mean arterial pressure is an additional important determinant of pulse pressure. Pulse pressure increased with 6.37 mmHg per 10 mmHg increase in mean arterial pressure after adjustment for age and gender (Table 3) . The association between pulse pressure and mean arterial pressure was similar among diabetic and nondiabetic individuals (7.09 versus 6.27 mmHg, P interaction ¼ 0.219).
The association between age and systolic blood pressure also increased more with age in diabetic compared with non-diabetic individuals. Systolic blood pressure increased by 0.67 mmHg per year of age in the diabetic and by 0.48 mmHg per year of age in the non-diabetic individuals (P interaction ¼ 0.03; Table 4 ). In addition, The association between pulse pressure and age. The association is stronger in diabetic than in non-diabetic individuals and was tested statistically by the interaction term of age with the presence of type 2 diabetes (P interaction ¼ 0.03).
diastolic blood pressure decreased more with age in diabetic than in non-diabetic individuals. Diastolic blood pressure decreased by 0.34 mmHg per year of age in the diabetic and by 0.24 mmHg per year of age in the non-diabetic individuals (P interaction ¼ 0.03; Table 4 ). Mean arterial pressure also decreased more with age in diabetic compared with non-diabetic subjects (P interaction ¼ 0.03; Table 4 ).
Age and mean arterial pressure interacted in their relationship with pulse, systolic and diastolic pressure (P interaction , 0.001). The complete model for pulse The interaction of age with mean arterial pressure means that the association between, in this case, pulse pressure and age is stronger at a higher mean arterial pressure (Fig. 4) . Thus, for non-diabetic women with a mean arterial pressure of 90 mmHg, pulse pressure increased by 0.64 mmHg per year, while for nondiabetic women with a mean arterial pressure of 110 mmHg, the increase was 0.82 mmHg per year. The interaction between age and mean arterial pressure with regard to pulse pressure was similar among diabetic and non-diabetic individuals.
Discussion
The present study demonstrates, to our knowledge for the first time, that pulse pressure is independently associated with cardiovascular mortality in individuals with type 2 diabetes. These patients have a 27% increased risk of cardiovascular death per 10 mmHg increase of pulse pressure. In addition, we show that the pulse pressure increase typically observed in type 2 diabetes is, in part, related to a stronger association of pulse pressure with age compared with non-diabetic individuals. This finding supports the concept that type 2 diabetes can be regarded as a state of accelerated vascular aging.
Among non-diabetic individuals, pulse pressure was significantly associated with cardiovascular mortality in crude analysis. After adjustment for age, gender and mean arterial pressure, the relationship disappeared. These findings differ from those reported by others [12, 13, 16, 34] . The explanation for this discrepancy is unclear and may be multifactorial. First, many studies did not adjust the association between pulse pressure and mortality for the influence of mean arterial pressure [12, 13, 16, 34] , which is an important confounder of this association (Table 2 ). Failure to adjust for mean arterial pressure leads to higher estimated levels of RR, and thus to an overestimation of the influence of pulse pressure on mortality risk. Second, our study had a relatively short follow-up and very low mortality rate compared with other population-based studies, whereas studies with a longer follow-up and higher mortality rates generally report stronger associations between pulse pressure and mortality (7.2 per 1000 person-years for cardiovascular mortality in our study, compared with 1.7-48.6 per 1000 person-years in other studies) [12] [13] [14] [15] [16] . The association between pulse pressure and cardiovascular mortality may thus be more prominent among populations with higher mortality risk than our population. In this regard, it should be noted that we cannot exclude that our findings among the diabetic individuals were related to their high-risk status rather than to the diabetic state per se.
Vascular aging encloses a broad spectrum of changes in the arterial vessel wall, including increased stiffening. Our data support the concept of accelerated vascular aging in diabetic individuals. First, we found that, among diabetic individuals, both the age-related increase of systolic blood pressure and the age-related decrease of diastolic blood pressure were more pronounced than among non-diabetic individuals (Table 4 ) [3, [35] [36] [37] . Therefore, it is likely that the increase in pulse pressure among diabetic individuals reflects increased arterial stiffness rather than alterations in ventricular ejection. Second, accelerated vascular aging in diabetes is biologically plausible. During aging, collagen in large arteries becomes more prominent, while elastin fibers become disrupted, leading to stiffer vessel walls. In diabetes, increases in oxidative stress, carbonyl stress and advanced glycation endproducts may combine to exaggerate these alterations in collagen and elastin structure and function, with resultant loss of vascular elasticity [27, 35, 36] .
The rise of pulse pressure with age was, in addition, stronger at higher mean arterial pressure (Fig. 4 ) [37] [38] [39] . The Framingham study [38] reported an interaction between age and hypertension in the association with pulse pressure, which is comparable with the interaction between mean arterial pressure and age we report, because mean arterial pressure is an indicator of hypertension. One interpretation of the interaction of age with mean arterial pressure is that it, too, may The association between pulse pressure and age. The association is stronger at higher mean arterial pressure (MAP) and was tested statistically by the interaction term of age with MAP (P interaction , 0.001).
represent accelerated arterial aging at higher mean arterial pressure. Static wall stress increases with mean arterial pressure, which will cause tissue fatigue characterized by alterations in collagen and elastin, and increased arterial stiffness [37, 40] .
The elevated pulse pressure observed in the type 2 diabetic patients, and the associated elevation in cardiovascular risk, may imply that pulse pressure, in addition to mean arterial pressure, is a target for therapeutic intervention in these patients. However, it is not clear how pulse pressure or arterial stiffness can be reduced. Current antihypertensive treatments often focus on reduction of the extracellular volume or smooth muscle cell tone, thereby reducing both systolic and diastolic blood pressure. When both pressures are reduced, pulse pressure may not have changed. Some non-pharmacological efforts may be able to reduce arterial stiffness; for instance, physical exercise [41, 42] , reduction of salt intake [43] and the intake of n-3 fatty acids [44] . Furthermore, some evidence exists that angiotensinconverting enzyme inhibitors may have a direct effect on large artery wall properties, thereby reducing arterial stiffness [45] . They particularly reduce stiffness in combination with small doses of diuretics [46] . Novel therapeutic drugs, such as ALT-711 [47] , which breaks down established advanced glycation endproduct crosslinks between proteins, have been demonstrated to reduce arterial stiffness, but more evidence is necessary to establish the impact of such drugs.
The present study had several limitations. First, there were only 34 cardiovascular deaths among the diabetic individuals, which limits the precision of the risk estimates. However, we tested a pre-specified hypothesis and the results are biologically plausible. Second, we were not able to show a difference in the association between pulse pressure and cardiovascular mortality in the subgroup of impaired glucose tolerance compared with the group with normal glucose tolerance, which may be due to the small number of deaths in this subgroup (n ¼ 20). Both limitations may be related to the relatively short follow-up period and the apparently healthy state of our population.
In summary, our data provide the first evidence that pulse pressure is independently associated with cardiovascular mortality in type 2 diabetic individuals. Furthermore, the presence of diabetes and a high mean arterial pressure increase the (normal) rise of pulse pressure with age. This may represent accelerated vascular aging in diabetes and hypertension.
